The molecular chaperone HspB8 [Hsp (heat-shock protein) B8] is member of the B-group of Hsps. These proteins bind to unfolded or misfolded proteins and protect them from aggregation. HspB8 has been reported to form a stable molecular complex with the chaperone cohort protein Bag3 (Bcl-2-associated athanogene 3). In the present study we identify the binding regions in HspB8 and Bag3 crucial for their interaction. We present evidence that HspB8 binds to Bag3 through the hydrophobic groove formed by its strands β4 and β8, a region previously known to be responsible for the formation and stability of higher-order oligomers of many sHsps (small Hsps). Moreover, we demonstrate that two conserved IPV (Ile-Pro-Val) motifs in Bag3 mediate its binding to HspB8 and that deletion of these motifs suppresses HspB8 chaperone activity towards mutant Htt43Q (huntingtin exon 1 fragment with 43 CAG repeats). In addition, we show that Bag3 can bind to the molecular chaperone HspB6. The interaction between HspB6 and Bag3 requires the same regions that are involved in the HspB8-Bag3 association and HspB6-Bag3 promotes clearance of aggregated Htt43Q. Our findings suggest that the co-chaperone Bag3 might prevent the accumulation of denatured proteins by regulating sHsp activity and by targeting their substrate proteins for degradation. Interestingly, a mutation in one of Bag3 IPV motifs has recently been associated with the development of severe dominant childhood muscular dystrophy, suggesting a possible important physiological role for HspB-Bag3 complexes in this disease.
INTRODUCTION
Cell viability is dependent on an efficient protein quality control system in which molecular chaperones, the UPS (ubiquitinproteasome system) and lysosomes play an essential role. Whereas molecular chaperones often assist in protein folding and stabilization, the UPS and lysosomes are both involved in protein degradation. The UPS degrades both cytosolic and nuclear proteins, whereas lysosomes degrade most membrane and extracellular proteins, via endocytosis, as well as cytosolic proteins and organelles, via autophagy [1] .
Hsps (heat-shock proteins) are highly conserved proteins whose expression is induced by different kinds of stresses, such as heat-shock, hypoxia and chemicals [2] . Many Hsps act as chaperones, recognizing and binding to substrates in their non-native conformation and thus minimizing the formation of aggregates. By co-operating with a specific set of co-chaperones, Hsps assist refolding of denatured substrates or target them for proteasomal degradation. There is a growing number of evidence that co-chaperones such as members of the Bag (Bcl-2-associated athanogene) family play an important role in determining the fate of the Hsp-loaded substrate.
The Bag proteins (Bag1-6) form a ubiquitous family of chaperone cohort proteins sharing an evolutionarily conserved domain known as the BAG domain. Binding of the BAG domain to the ATPase domain of Hsp70/Hsc (heat-shock cognate) 70 regulates the ATP-driven activity of the chaperone complex [3] . In co-operation with CHIP [C-terminus of the Hsc70-interacting protein] and Hsp70, Bag1 targets ubiquitinated substrates to the proteasome [3] . Bag2, in contrast, inhibits the activity of CHIP and favours substrate renaturation [4] . Overexpression of Bag3 interferes with the degradation of polyubiquitinated Hsc/Hsp70 client proteins [5] and participates, along with HspB8, in the degradation of misfolded and aggregated proteins via macroautophagy [6, 7] . As Bag3 binds to the same region in Hsc/Hsp70 as Bag1, presumably in a competitive manner, a ternary complex composed of Hsc/Hsp70, CHIP and Bag3 might direct substrates for autophagic degradation [8] . A recent study demonstrated that in aged cells a switch from Bag1 to Bag3 resulted in increased macroautophagy for turnover of polyubiquitinated proteins [8] . In concert with the ubiquitinbinding protein p62/Sqstm1 (sequestosome 1), Bag3 regulates the increase of the macroautophagic flux. Interestingly, p62/Sqstm1 binds to both ubiquitin and the ubiquitin-like protein LC3 (lightchain 3), thus linking substrate sequestration and recruitment of the autophagosome membrane, two features important for selective degradation of proteins by autophagy [9] . Hence the Bag3-mediated recruitment of the macroautophagic pathway seems to be an important adaptation of the protein quality control system and allows maintenance of protein homoeostasis in the presence of an enhanced pro-oxidant and aggregation-prone milieu characteristic of aging [8] .
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The sHsp (small Hsp) family of proteins is composed of ten members in mammals (HspB1-10). Whereas high-molecularmass Hsps are ATP-dependent, sHsps act in an ATP-independent fashion [10] . sHsps have a molecular mass ranging from 20 to 30 kDa and share an 80-100-residue structural motif, the α-crystallin domain [11] [12] [13] . The α-crystallin domain consists of two β-sheets. The flanking N-and C-terminal extensions differ in size and structure from one protein to another and are involved in the assembly of higher-order oligomers [14, 15] . The C-terminal region usually contains a conserved triad motif, IXI/V (Ile-XaaIle/Val), in which Xaa is typically a proline residue [16] . However, HspB6 and HspB8 do not contain the conserved IXI/V motif and, as a result, are mainly found in low-oligomeric states [6, 17] . In effect, many sHsps exist as oligomers (2-mer to 40-mer) that are both polydisperse and that change in size and organization upon exposure to stress or interaction with substrates [13, [18] [19] [20] [21] [22] . Dimer-dimer stabilization occurs when the C-terminal IXI/V motif of one of the monomers in each dimer 'straps' across to the partner dimer, whereas oligomerization results from multiple inter-and intra-molecular interactions within the α-crystallin domain [23] . Whereas point mutations in the C-terminal IXI/V motif of HspB4 and HspB5 neither affect their oligomeric state nor their chaperone activity [24] , a point mutation in the triad motif in HspB1 (P182L) was associated with protein insolubility and formation of aggregates in distal hereditary motor neuropathy and Charcot-Marie-Tooth disease [25, 26] . Thus the relative importance of the IXI/V triad varies from one sHsp to another.
In the present study, we characterized the Bag3 interaction with HspB8 and HspB6, a herein newly identified Bag3 interactor. We found that formation of the HspB8-Bag3 and the HspB6-Bag3 complex results from the interaction between the hydrophobic groove in the sHsp and two IPV (Ile-Pro-Val) motifs in Bag3. Interestingly, a mutation in one of these IPV motifs (P209L) has recently been associated with a severe dominant childhood muscular dystrophy with experienced development of cardiomyopathy and peripheral neuropathy [27] , suggesting a possible important role for the sHsp-Bag3 complex formation in the development of human congenital diseases.
EXPERIMENTAL

Plasmids and reagents
pHDQ43-HA encoding a HA (haemagglutinin)-tagged Htt43Q (huntingtin exon 1 fragment with 43 CAG repeats) was from Dr Rubinsztein (Department of Medical Genetics, Cambridge Institute for Medical Research, Cambridge, U.K.) [28] . pCIHspB8, pCIneoMycHspB8 and pCIHspB1 have been described previously [29] . The plasmid encoding His 6 -tagged human Bag3 (pCIneoHisBAG3) was from Dr Kohn (Center for Cancer Research, National Institutes of Health, Bethesda, Maryland, U.S.A.) [30] . The plasmid encoding Myc-tagged human Bag3 was subcloned from the expression vector pCIneoHisBAG3 into the pCIMyc vector by PCR. Human HspB6 was a gift from Dr Brophy (Centre de recherche, L Hôtel-Dien de Québec, Québec, Canada) [31] and subcloned from the TOPO expression vector pCR2.1 into the pCIMyc vector by PCR. Plasmids expressing HspB8-HspB1 chimaeras were constructed by PCR using appropriate primers and sequences contained in pCIHspB8 and pCIHspB1. Point mutations and deletions in HspB8, HspB1 and Bag3 were introduced by PCR using appropriate primers and sequences. An overview of the constructs used in the present study is given in Supplementary Table S1 (available at http://www. BiochemJ.org/bj/425/bj4250245add.htm).
Antibodies
Anti-HspB8, anti-HspB1 and anti-Bag3 antibodies are rabbit polyclonal antibodies against the C-terminal extensions of human HspB8, HspB1 and Bag3 respectively [6, 29] . The polyclonal anti-HspB6 antibody was purchased from Stressgen Bioreagents. Anti-HA (HA.11) and anti-α-tubulin antibodies were from Sigma-Aldrich; anti-Myc was from the American Type Culture Collection (9E10).
Cell culture and transfection
The HEK-293T [HEK (human embryonic kidney)-293 cells expressing the large T-antigen of SV40 (simian virus 40)] were grown in Dulbecco's modified Eagle's medium with a high glucose concentration (Gibco BRL) supplemented with 10 % (v/v) fetal bovine serum. Cells were transfected by calcium phosphate precipitation as described previously [29] . siRNA (small interfering RNA) for HspB8 (with a target sequence of AGAGCAGUUUCAACAACGA) and control sequence (siCON-TROL non-targeting siRNA) were from Dharmacon and transfection was performed using Lipofectamine (Invitrogen) according to the manufacturer's instructions. siRNA against Bag3 (with a target sequence of AUCGAAGAGUAUUUGACCAAA) was from Qiagen and cells were transfected by calcium phosphate precipitation.
Purification of His-tagged Bag3 with Ni-NTA (Ni 2+ -nitrilotriacetate) beads
HEK-293T cells (1.5 × 10 5 ) were transfected with either 1 μg of DNA encoding His 6 -tagged FL-Bag3 (full-length Bag3) and 1 μg of pCI FL-HspB8 (full-length HspB8) or the different chimaeric constructs. After 24 h, cells were scraped and homogenized in lysis buffer [20 mM Tris/HCl, pH 7.4, containing 2.5 mM MgCl 2 , 3% (v/v) glycerol, 0.5 % NP40 (Nonidet P40), 150 mM NaCl, 10 mM imidazol and 1 × complete protease inhibitor cocktail (Roche)]. His 6 -tagged FL-Bag3 was purified from NP40-soluble lysates using Ni-NTA agarose beads (Qiagen). After thorough washing, three times with washing buffer 1 [20 mM Tris/HCl, pH 7.4, containing 2.5 mM MgCl 2 , 3% (v/v) glycerol, 0.5 % NP40, 150 mM NaCl, 20 mM imidazol and 1 × complete protease inhibitor cocktail (Roche)] followed by twice with washing buffer 2 (20 mM Tris/HCl, pH 7.4, containing 2.5 mM MgCl 2 , 3% (v/v) glycerol, 0.5 % NP40, 300 mM NaCl, 20 mM imidazol and 1 × complete protease inhibitor cocktail (Roche)], proteins bound to the beads were recovered by boiling in 2 % SDS sample buffer, separated by SDS/PAGE (10 % gel) and analysed by Western blotting. α-Tubulin was used as a loading control. The input corresponds to a tenth of the purified fraction.
Co-immunoprecipitation with anti-HspB8 or anti-Bag3 antibody
HEK-293T cells (1.5 × 10 5 ) were transfected with either 1 μg of DNA encoding FL-HspB8 or Myc-tagged FL-HspB6 and 1 μg of FL-Bag3 or different Bag3 variants. After 24 h, cells were scraped and homogenized in lysis buffer. HspB8 was immunoprecipitated using an anti-HspB8 antibody bound to Protein A-Sepharose beads. Bag3 was immunoprecipitated using an anti-Bag3 antibody bound to Protein A-Sepharose beads. After extensive washing with washing buffer 3 [20 mM Tris/HCl, pH 7.4, containing 1.25 mM MgCl 2 , 3.3% (v/v) glycerol, 0.5 % NP40 and 150 mM NaCl], proteins bound to Protein A-Sepharose beads were recovered by boiling in 2 % SDS sample buffer, separated by SDS/PAGE (10% gel) and analysed by Western blotting. α-Tubulin was used as a loading control. The input corresponds to a tenth of the purified fraction.
Co-immunoprecipitation with anti-Myc antibody
HEK-293T (1.5 × 10 5 ) cells were transfected for 24 or 48 h with 1 μg of DNA encoding Myc-tagged sHsps and 1 μg of FL-Bag3 or the different Bag3 mutants. Cells were scraped and homogenized in lysis buffer. Myc-tagged sHsps were immunoprecipitated using an anti-Myc antibody bound to Protein G-Sepharose beads or TrueBlot TM anti-(mouse IgG) immunoprecipitatation beads (eBioscience). After extensive washing with washing buffer 3, proteins bound to Protein G-Sepharose beads or TrueBlot TM anti-(mouse IgG) beads were recovered by boiling in 2 % SDS sample buffer, separated by SDS/PAGE (10 % gel) and analysed by Western blotting. α-Tubulin was used as a loading control. The input corresponds to a tenth of the purified fraction.
Filter-trap assay
SDS-insoluble proteins were analysed by filter-trap assay as described previously [7] . HEK-293T cells (1.5 × 10 5 ) were transfected for 44 h with either 0.5-0.75 μg of DNA encoding HA-tagged Htt43Q alone, or in combination with 2-3 μg of DNA encoding the different molecular chaperones and co-chaperones. Subsequently, cells were scraped and homogenized in a 2 % SDS/filter-trap assay buffer (2 % SDS in 10 mM Tris/HCl, pH 8.0, containing, 150 mM NaCl and 50 mM dithiothreitol). Three different dilutions (1, 1:3 and 1:6) of each sample were heated at 98
• C for 3 min and immediately applied with mild suction on to a cellulose acetate membrane. The membrane was then washed twice with 0.1 % SDS/filter-trap assay buffer and processed for Western blot analysis with an antibody raised against the HA tag. To determine the protein expression of the co-expressed chaperones, aliquots of the samples were separated by SDS/PAGE and analysed by Western blotting.
NP40-soluble and NP40-insoluble cell extracts
HEK-293T cells (1.5 × 10 5 ) were transfected for 44 h with either 0.5-0.75μg of DNA encoding HA-tagged Htt43Q alone, or in combination with 2-3 μg of DNA encoding the different chaperones. Subsequently, cells were scraped and homogenized in lysis buffer. After centrifugation (10 min at 14 000 g), two fractions, i.e. the supernatants (the NP40-soluble fraction) and the NP40-insoluble pellets, were obtained. The NP40-insoluble pellets were incubated with 100 % formic acid for 30 min at 37
• C, lyophilized overnight and resuspended in the same volume of 2 % SDS sample buffer as the NP40-soluble fraction. Equal volumes of both, NP40-soluble and NP40-insoluble fractions were separated by SDS/PAGE and analysed by Western blotting.
RESULTS AND DISCUSSION
The hydrophobic groove of HspB8 is essential for its association with Bag3
We have previously reported that HspB8 forms a stable and stoichiometric complex with Bag3 both when it is overexpressed and in endogenous conditions [7] . In order to determine the exact binding region(s) in HspB8, we generated a series of chimaeric and point-mutated HspB8 variants because deletions in HspB8 often cause insolubility of the protein (J. Landry and H. Lambert, unpublished work). Chimaeric constructs were created by combining sections of the coding sequence of HspB8 and HspB1, a member of the sHsp family that does not interact with Bag3 [7] . This strategy allows us to maintain a 'natural' structure of HspB8 while excluding the possibility of unspecific interactions with Bag3 caused by the inserted portion of HspB1. An overview of the HspB8 and HspB1 derivatives analysed in the course of this study is given in Supplementary Table S1 and in Figure 1 (A). HspB8 and HspB1 share a sequence homology of 32 % [32] , mainly in the α-crystallin domain. Unlike HspB1, HspB8 lacks the strand β10, which harbours the IPV motif, the strand β2 and the helices α3 and α4. However, HspB8 contains an additional helix α1 ( Figure 1A ) [33] [34] [35] .
To examine the Bag3-binding region in HspB8, His 6 -tagged FL-Bag3 was co-expressed with different HspB8 plasmids and Bag3 was purified using Ni-NTA beads. Subsequent Western blot analysis with antibodies raised against the C-terminus of HspB8 or HspB1 demonstrated that the chimaeric proteins containing amino acid residues 1-148 of HspB8 (constructs B8a and B8b) were not able to form the HspB8-Bag3 complex ( Figure 1B and results not shown). In contrast, we were able to detect Bag3 binding to HspB8 in the presence of the amino acid residues 1-169 of HspB8 (construct B8c) ( Figure 1B) . FL-HspB1 does not bind to Bag3 [7] but insertion of the C-terminus (amino acids 149-196) of HspB8 into HspB1 (B1a) allowed the chimaeric protein to interact with Bag3 ( Figure 1C ). On the other hand, substitution of the amino acid residues 149-169 of HspB8 with the corresponding sequence of HspB1 (construct B8d) completely abrogated Bag3 binding to the chimaeric protein ( Figure 1B ). Taken together, these results demonstrate that the amino acid residues 149-169 in HspB8 are indispensable for HspB8-Bag3 complex formation.
According to the current model of sHsp structure, based on the crystal structures of the sHsps from Methancoccus jannaschii (Hsp16.5; [36] ) and the cytosolic class I Hsp16.9 from the wheat Triticum aestivum [34] , residues 149-169 of HspB8 harbour a motif in the strand β8 known to be involved in sHsp oligomeric assembly and stabilization [23, 34, 36] . More precisely, residues in the strands β4 and β8 form a hydrophobic groove at one end of the β-sheet sandwich of the sHsp (Figure 2A , blue and red ball representation; Figure 2B , sequence, highlighted in red). In the oligomeric quaternary state, this groove is patched by an IXI/V motif ( Figure 2A , yellow ball representation) from the Cterminal extension of another sHsp. This kind of interaction is observed in tetramers and higher-order oligomeric assemblies [23, 34, 36] . Importantly, HspB8 lacks an IXI/V motif and is mainly found in a dimeric state [7] . To test if the strand β4 also has an impact on HspB8-Bag3 interaction, we introduced point mutations (L110G and V112G) in two residues of the strand β4 (designated B8e mutant). According to sequence alignments (Figures 2A and 2B ), these amino acid residues are involved in hydrophobic interactions. As examined by a Ni-NTA pull-down assay, the mutant B8e construct did not form a complex with Bag3 ( Figure 1B ). Hence these results suggest that the hydrophobic groove of HspB8 is essential for the HspB8-Bag3 interaction.
The hydrophobic groove of HspB6 mediates its interaction with Bag3
As all members of the sHsp family contain a hydrophobic groove in their α-crystallin domain we next asked if other sHsps could interact with Bag3. Considering that HspB2, HspB3, HspB7, HspB9 and HspB10 display tissue-restricted patterns of expression [32] , we focused our study on HspB1, HspB5 and HspB6. We further included HspB4 because of its similarity to HspB5. Whereas no interaction of HspB1, HspB4 or HspB5 with Bag3 was detectable, HspB6 was found to bind to Bag3 ( Figure 3A) . Interestingly, HspB6 has a greater homology to HspB8 (30 %) than any other sHsp, except HspB1 [32] . As HspB6 can form hetero-oligomeric complexes with HspB8 [37] , we knocked-down HspB8 expression with a siRNA to rule out an HspB8-mediated binding of HspB6 to Bag3. Although endogenous HspB8 was significantly decreased in the presence of the siRNA (Figure 3B ), the ability of HspB6 to bind Bag3 was not affected. Thus we conclude that the HspB6-Bag3 interaction is not mediated by HspB8.
To further determine if the hydrophobic groove of HspB6 (Figures 2A and 2B ) is responsible for its binding to Bag3, in a similar manner to the hydrophobic groove of HspB8, we introduced point mutations into the strands β4 and β8 of HspB6 (constructs B6β4 and B6β8, see Supplementary Table  S1 ). In contrast with FL-HspB6, these point-mutated constructs failed to interact with Bag3 ( Figure 3C ). These results imply a common mechanism for HspB6-Bag3 and HspB8-Bag3 complex formation. We speculate that the hydrophobic groove displays the minimal biochemical requirement for an HspB protein to interact with Bag3 when ectopically expressed.
Bag3 binds to HspB8 and HspB6 through the same conserved regions
To further unravel the mechanism underlying the HspB-Bag3 interaction, we next focused on the binding domain(s) in Bag3 required for the HspB8 and HspB6 interaction. As we recently described, the BAG domain, the WW (Trp-Trp) domain and the proline-rich domain of Bag3 are not essential for Bag3 association with HspB8 [6] . We therefore assessed if the N-terminal region, the amino acid residues between the WW and the proline-rich domain or the C-terminal extension of Bag3 mediate the interaction by performing deletions of these regions (constructs Bag3 1-21, Bag3 56-301 and Bag3 499-570 respectively; an overview of the Bag3 derivatives analysed in the course of this study is given in Supplementary Table S1 and Figure 4A ). Bag3 1-21 and Bag3 499-570 were still able to bind HspB8 ( Figure 5A ), but no complex formation between Bag3 56-301 and HspB8 was detectable ( Figure 5A ). These results intimate that the motif needed for Bag3 interaction with HspB8 is located between the WW domain and the proline-rich domain of Bag3.
To pinpoint the motif responsible for HspB8-Bag3 interaction, we performed a detailed analysis of the Bag3 primary structure between the amino acid residues 56-301 in different species. Whereas the identity for the amino acid residues 56-301 was only 30 % between Homo sapiens and Danio rerio, we identified in the sequence, two regions each of 14-amino-acids residues (87-101 and 200-213), that shared a 79 % sequence identity ( Figure 4B ). We therefore tested the significance of these residues on Bag3-HspB8 interaction by deleting the two motifs either alone or together (Supplementary Table S1 and Figures 4A and  4B ). Whereas deletion of only one region had no impact on HspB8-Bag3 complex formation (results not shown), deletion of both regions (in construct Bag3 B8) led to a complete loss of HspB8 binding ( Figure 5B ).
We next investigated whether the two regions needed for HspB8-Bag3 complex formation were also involved in the (A) Ribbon diagram of the T. aestivum Hsp16.9 monomer (PDB code 1GME). The N-and C-terminal domains are indicated by N and C correspondingly; α-helices and β-strands are numbered. The amino acid residues responsible for the formation of the hydrophobic groove are shown as blue balls on β4 and as red balls on β8. The IXI motif (IxI) in the β10 strand is shown in yellow. (B) Sequence alignment of human HspB8 with T. aestivum Hsp16.9, bacterial Hsp16.5, human HspB1 and human HspB6 made with ClustalW [42] . The sequences involving the hydrophobic groove between the strands β4 and β8 and the C-terminal extension with the IXI/V triad are highlighted (red). Solid black lines above the alignment represent the position of the β-strands according to the structure determined to atomic resolution for the T. aestivum Hsp16.9 [35] . Boxes, entitled as Motif 1, Motif 2 and IxI/V motif represent the motifs forming the hydrophobic groove and the C-terminal IXI/V motif [34] . Amino acid residues in red have been determined as the residues involved in hydrophobic interactions.
HspB6-Bag3 interaction. As shown in Figure 5 (C), Bag3 mutants lacking the proline-rich domain ( PXXP) or the BAG domain ( BAG) were still able to interact with HspB6. In contrast, the ability of Bag3 56-301 and Bag3 B8 to bind HspB6 was completely abrogated ( Figure 5C ). Thus these observations suggest a model whereby Bag3 binds to both HspB8 and HspB6 through the same motifs ( Figure 5G ). 
Two IPV motifs in Bag3 are crucial for the HspB8/HspB6-Bag3 interaction
Considering the importance of the hydrophobic groove in HspB6 and HspB8 for their interaction with Bag3, we performed a detailed analysis of the two conserved sHsp-binding regions in Bag3. Intriguingly, each region contains an IPV motif, similar to the IXI/V motif found in the C-terminus of many sHsps
Figure 4 Tools to identify the HspB8-binding regions in Bag3
(A) Schematic representation of Bag3 constructs developed to identify the HspB8-binding domains. Bag3 1-21, deletion of the amino acid residues 1-21; Bag3 56-301, deletion of the amino acid residues 56-301; Bag3 PXXP, deletion of the amino acid residues 302-420; Bag3 BAG, deletion of the amino acid residues 421-498; Bag3 499-570,: deletion of the amino acid residues 499-570; Bag3 B8, deletion of the amino-acid residues 87-101 and 200-213; BAG3_B8.1, point mutations I96G and V98G; Bag3_B8.2, point mutations I208G and V210G; Bag3_B8, point mutations I96G, V98G, I208G and V210G; BAG3a, point mutations Y93G and P95G; BAG3b, point mutations Y205G and S207G; B8c, point mutations Y93G, P95G, Y205G and S207G. WW, WW (Trp-Trp) domain, PXXP, proline-rich domain, BAG, BAG domain. (B) Sequence alignment of Bag3 from different species. The alignment was performed with ClustalW [42] . Two 14-amino-acid long regions between the WW-and the proline-rich-domain, which are 79 % identical between Homo sapiens and Danio rerio, are highlighted. Positions of the IPV triads are underlined. The identity of the complete sequence between the WW domain and the proline-rich domain is only 30%. aa, amino acid residues.
(see Supplementary Figure S1 available at http://www.BiochemJ. org/bj/425/bj4250245add.htm). To ascertain the role of the two conserved IPV motifs in Bag3 in the Bag3-sHsp interaction, we introduced point mutations in each of these motifs either separately or simultaneously ( Figure 4A ) and examined the binding properties of the mutants to HspB8 and HspB6. Whereas point mutations in only one of the two motifs (constructs Bag3_B8.1 or Bag3_B8.2) had no effect on the formation of HspB8-Bag3 complexes, mutations in both IPV triads (construct Bag3_B8) abrogated the interaction ( Figure 5D ). These results correlate with the results obtained upon the complete deletion of the two conserved 14-amino-acid regions (construct Bag3 B8). Furthermore, point mutations in only one of the two IPV motifs in Bag3 (constructs Bag3_B8.1 and Bag3_B8.2) slightly decreased the HspB6-Bag3 binding. Mutations in both IPV triads (construct Bag3_B8) completely inhibited the interaction ( Figure 5F ). To ensure that the IPV motifs are the crucial amino acid residues required for sHsp binding to Bag3, we further tested two additional point mutations in the two 14-amino-acid conserved regions ( Figure 4A , constructs Bag3a, Bag3b and Bag3c). As confirmed by co-immunoprecipitation studies, none of these point mutations prevented the formation of HspB8-Bag3 complexes ( Figure 5E ). Considering that the two IPV triads in Bag3 are separated by approx. 100 amino acids, we reason that two HspB8 molecules can be simultaneously bound to Bag3. This hypothesis is consistent with the previously reported HspB8/Bag3 molecular ratio of 2:1 [7] . Our observations suggest that binding of an IXI/V-type motif to a hydrophobic groove may represent a mechanism that, in addition to mediating sHsp oligomerization, allows a wide range of proteins to assemble into multi-protein complexes. We next asked why the hydrophobic groove of HspB1 does not allow the formation of an HspB1-Bag3 complex. A detailed analysis of the second motif (Figure 2 ) of the HspB1, HspB6 and HspB8 hydrophobic groove with a Kyte-Doolittle plot of hydrophobicity [38] revealed that the groove has a greater hydrophobicity in HspB8 and HspB6 compared with HspB1. This observation might give a reasonable explanation as to why the hydrophilic domains of Bag3, harbouring the IPV motifs, are not able to interact with HspB1. 
Bag3 affinity is higher for HspB8 than for HspB6
Having identified HspB6 as a new Bag3-binding partner, in addition to HspB8, we next asked whether the affinity of Bag3 is similar for both sHsps. Therefore we overexpressed Bag3 and HspB6 and immunoprecipitated the HspB6-Bag3 complex. After thorough washing, lysates from untransfected HEK-293T cells or cells transfected with either HspB8 or HspB1 were added. Following a short incubation on ice, the samples were washed and binding of Bag3 to HspB6 was determined by Western blot analysis. Whereas extracts from untransfected or HspB1-transfected cells had no influence on the interaction of Bag3 with HspB6, overexpressed HspB8 completely prevented the HspB6-Bag3 interaction. Hence we can assume that HspB8 replaced HspB6 within the Bag3 complex in 5 min or less ( Figure 6A) , suggesting a higher affinity of Bag3 for HspB8 compared with HspB6. To confirm our results, the reverse experiment was conducted. As expected, overexpressed HspB6 had no impact on the formation of the HspB8-Bag3 complexes ( Figure 6B ).
These results led us to conclude that Bag3 preferentially binds HspB8, at least when both proteins are ectopically expressed in cultured cells. Indeed, when complex formation was assessed at the level of endogenous proteins in mouse tissue extracts, where both HspB6 and HspB8 are expressed, HspB8 was found in a complex with Bag3 whereas no interaction between HspB6 and Bag3 was detectable (see the Supplementary Experimental section and Supplementary Figure S2 available at http://www.BiochemJ.org/bj/425/bj4250245add.htm). This was also the case in extracts from HeLa and HEK-293T cells, although endogenous HspB6 was only expressed at a low or undetectable level (results not shown). These results strengthen our hypothesis that HspB8 is the preferred binding partner of Bag3, not only when both proteins are ectopically expressed, but also at the endogenous level. Furthermore, consistent with two recent studies [39, 40] , we observed a strong interaction between endogenous HspB6 and HspB1. This suggests that in a physiological context HspB1 is the main complex partner of HspB6, whereas Bag3 is the major complex partner of HspB8, at least in the herein-analysed cellular and tissue conditions. However, we speculate that in a specific cellular context, e.g. in stress conditions, the formation of HspB6-Bag3 complexes could be promoted.
The chaperone activity of HspB8 and HspB6 depends on their interaction with Bag3
The HspB8-Bag3 complex facilitates the clearance of the aggregation-prone Htt43Q protein and this function has been attributed to the ability of Bag3 to stimulate macroautophagy [6, 7] . The chaperone activity of HspB8 towards the aggregation-prone protein HttQ43 has been suggested to depend on Bag3 interaction as depletion of Bag3 with a siRNA abrogated the function of HspB8 [6] . To confirm the role of HspB8 chaperone activity in Htt43Q degradation, we analysed the aggregation of mutant Htt43Q in the presence of different HspB8 variants. Whereas FL-HspB8 was able to significantly reduce Htt43Q aggregation, the chimaeric protein constructs B8b, B8d and B8e, which are unable to interact with Bag3, were incapable of stimulating protein degradation ( Figure 7A ). However, the chimaera B8c, which binds to Bag3 but harbours the C-terminal extension of HspB1, also lost its chaperone activity towards Htt43Q (Figures 7A and 7C ). Further investigations revealed that B8c is partially insoluble. As FL-HspB8 lacks an IPV motif we assume that introduction of the C-terminal extension of HspB1 harbouring an IPV motif interferes with the structural composition of HspB8, hence leading to partial insolubility of the chimaeric protein. Consequently, substitution of the IPV motif in the C-terminal extension to GPG (Gly-ProGly) restored the protein solubility ( Figure 7B ) and its chaperone activity ( Figure 7C ).
Previous studies indicate that HspB6 exerts chaperone activity by preventing β-amyloid peptide aggregation [41] . To address the potential relevance of HspB6-Bag3 complex formation under pathological conditions, we examined the ability of overexpressed FL-HspB6 to stimulate Htt43Q degradation in concert with Bag3. As shown in Figure 7 (D), HspB6 exerts a chaperone activity similar to HspB8 and Bag3. Furthermore, depletion of Bag3 with siRNA abrogated the function of HspB6 ( Figure 7E) . These results suggest a functional relationship between HspB6 and Bag3. Hence, we assume a role for the HspB6-Bag3 complex under certain pathological conditions where the ratio of endogenous HspB6/HspB8 might be changed in favour of HspB6. In contrast with both sHsps, a Bag3 mutant in which the docking site for HspB6 and HspB8 (Bag3 B8 and Bag3_B8) has been mutated was still competent to stimulate Htt43Q clearance ( Figures 8A and 8B ). This is in line with our previously published Chaperone activity of the indicated constructs towards Htt43Q was determined by (A and C) a filter-trap assay and (A and D) separation of NP40-soluble (Sol) and NP40-insoluble (Ins) fractions. HttQ43 aggregates were detected by an anti-HA antibody. Chaperone expression was determined by SDS/PAGE followed by Western blot analysis using the antibodies indicated on the right. (B) NP40-solubility of the chimaera B8c and B8c gpg. HEK-293T cells were transfected for 24 h with the chimaeric constructs B8c or B8c gpg which harbours a point mutation in its C-terminal IPV motif (IPV to GPG). The extracts were separated in NP40-soluble (S) and NP40-insoluble (I) fractions and equal amounts of protein were examined by SDS/PAGE followed by Western blot analysis using the antibodies indicated on the right. (E) Chaperone activity of Myc-tagged FL-HspB8 and FL-HspB6 towards Htt43Q was determined by a separation of NP40-soluble (Sol) and NP40-insoluble fractions (Ins) in the presence of a control siRNA (siCTL) or a siRNA directed against Bag3 (siBag3). FL, full length; --/---, not present.
results arguing that Bag3 remains functional when HspB8 is knocked-down by siRNA [7] . We conclude that HspB6 and HspB8 are strictly dependent upon their binding to Bag3 to stimulate Htt43Q clearance, whereas Bag3 is able to trigger Htt43Q degradation in the presence or in the absence of the two sHsps.
Accordingly, in addition to its established role in sHsp oligomerization, the hydrophobic groove in HspB8/HspB6 links these molecular chaperones to the degradation of unfolded or misfolded protein by recruiting the co-chaperone Bag3. Moreover, our results underscore the intricate role of Bag3 in protein quality control by way of its interplay with different members of the sHsp family, at least when the proteins are ectopically expressed. However, the exact context under which endogenous sHspBag3 complexes are formed still remains unclear and future studies including HspB proteins with tissue-restricted patterns Chaperone activity of different Bag3 variants (Myc-Bag3) towards Htt43Q was determined by (A) separation of NP40-soluble (Sol) and NP40-insoluble (Ins) fractions and (B) filter-trap assay. Chaperone expression was determined by SDS/PAGE followed by Western blot analysis using the antibodies indicated on the right. HttQ43 aggregates were detected by an anti-HA antibody. FL, full length; --/---, not present.
of expression could help clarify this issue and might reveal new Bag3-binding partners among the sHsp family involved in protein quality control.
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SUPPLEMENTARY ONLINE DATA
Identification of the key structural motifs involved in HspB8/HspB6-Bag3 interaction Margit Mouse tissue extracts obtained from skeletal muscle and heart was co-immunoprecipitated (IP) with different antibodies raised against HspB6 (HspB6 1 or HspB6 2), HspB8 and Bag3 and probed by Western blot analysis with anti-HspB6, anti-HspB8, anti-HspB1 and anti-Bag3 antibodies as indicated. As a negative control, a pre-immune rabbit serum (NRS) was used. The input and output correspond to a tenth of the purified fraction.
Figure S2 Sequence alignment of the HspB8-binding domains in Bag3 with the C-terminal extensions of different sHsps
Sequence alignments of the two HspB8-binding motifs in Bag3 with the C-terminal extensions of Hsps performed using ClustalW. The accession numbers used are: HspB1, RefSeq NP 001531; HspB2, Swiss-Prot acession Q16082; HspB3, Swiss-Prot Q12988; HspB4, Swiss-Prot P02489; HspB5, Swiss-Prot P02511; HspB6, RefSeq NP 653218; HspB7, Swiss-Prot Q9UBY9; HspB8, Swiss-Prot AAF65562; HspB9, RefSeq NP 149971; and HspB10, RefSeq NP 077721. The IxI/V binding motifs are highlighted; no IXI/V motifs can be found in HspB3, HspB6, HspB8, HspB9 and HspB10.
